The aim of the present study is to develop new magnetic polymer microspheres with functional groups available for easy protein and antibody binding. Monodisperse macroporous poly(2-hydroxyethyl methacrylate) (PHEMA-COOH) microspheres ∼4 μm in diameter and containing ∼1 mmol COOH/g were synthesized by multistep swelling polymerization of 2-hydroxyethyl methacrylate (HEMA), ethylene dimethacrylate (EDMA), and 2-[(methoxycarbonyl)methoxy]ethyl methacrylate (MCMEMA), which was followed by MCMEMA hydrolysis. The microspheres were rendered magnetic by precipitation of iron oxide inside the pores, which made them easily separable in a magnetic field. Properties of the resulting magnetic poly(2-hydroxyethyl methacrylate) (mgt.PHEMA) particles with COOH functionality were examined by scanning and transmission electron microscopy (SEM and TEM), static volumetric adsorption of helium and nitrogen, mercury porosimetry, Fourier transform infrared (FTIR) and atomic absorption spectroscopy (AAS), and elemental analysis. Mgt.PHEMA microspheres were coupled with p46/Myo1C protein purified from blood serum of multiple sclerosis (MS) patients, which enabled easy isolation of monospecific anti-p46/Myo1C immunoglobulin G (IgG) antibodies from crude antibody preparations of mouse blood serum. High efficiency of this approach was confirmed by SDS/PAGE, Western blot, and dot blot analyses. The newly developed mgt.PHEMA microspheres conjugated with a potential disease biomarker, p46/Myo1C protein, are thus a promising tool for affinity purification of antibodies, which can improve diagnosis and treatment of MS patients.
Introduction
Rapid and effective magnetic separation and manipulation of various biological entities, including proteins (antibodies and enzymes) and cells, as well as drug targeting and delivery, require involvement of biocompatible magnetic carriers [1] . Magnetic separation offers higher throughput and specificity than other isolation methods, such as centrifugation or filtration, because magnetic particles can be easily removed from complex mixtures using a magnetic field [2] . The magnetic particles are preferably based on naturally occurring non-toxic iron oxides, such as maghemite (γ-Fe 2 O 3 ) and magnetite (Fe 3 O 4 ) [3] . To avoid detrimental effects, such as Fe ion leaching, aggregation in aqueous media, insufficient compatibility with living tissues, and absence of functional groups available for attachment of a target biomolecule, proper coating of the magnetic particles with polymers is needed [4] . This coating can be achieved by simple adsorption [5] , graft polymerization [6, 7] and co-polymerization from the particle surface [8] or iron oxide encapsulation by solvent evaporation [9] , microemulsion [10] , and miniemulsion polymerization [11] . Some of these techniques offer production of spherical particles, which are preferred to other shapes, such as cylinders or cubes, as they provide higher surface-to-volume ratio for separation of analytes and reagents. This enables quick antibody-antigen conjugation and reduces both the reaction volume and incubation time [12] [13] [14] .
Magnetic polymer microspheres are commonly synthesized from a variety of materials, such as polystyrene [15] , poly(methyl methacrylate) [16] , poly(glycidyl methacrylate) [17] , and conveniently functionalized with COOH, NH 2 , SH, or other groups to easily immobilize a biomolecule, e.g. antibody [18] . The advantage of poly(2-hydroxyethyl methacrylate) (PHEMA) as a matrix of magnetic microspheres is its biocompatibility documented by a long biomedical history of use in artificial embolization [19, 20] , surgery, cell affinity chromatography [21] , and drug release [22] . Compared with polystyrene, PHEMA has the advantage that aromatic benzene rings are absent, minimizing autofluorescence, which could disturb analysis. It is also convenient that PHEMA microspheres can have a porous structure, which enables introduction of magnetic compounds.
Magnetic polymer particles are preferably used for purification of tiny quantities of proteins in blood serum [23] [24] [25] . Enrichment of specific proteins in biological samples helps identify disease specific biomarkers at early stages [24, 25] . Our previous studies were focused on identification of protein markers in the blood serum of patients suffering from multiple sclerosis (MS), rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE) [26, 27] . The original precipitation/extraction method and MALDI TOF/TOF mass spectrometry was therefore developed for isolation of the human unconventional myosin IC isoform b (p46/Myo1C) fragment (M r ∼46 kDa) as a potential marker of the listed autoimmune diseases [26] . High p46/Myo1C levels were found in the blood serum of MS and RA patients and low amounts were found in SLE patients, while this protein was not detected in the blood serum of healthy subjects.
To develop new immunodiagnostic approaches for rapid quantification of p46/Myo1C in blood serum, it is important to have monospecific antibodies directed against this protein. However, target antigens are often contaminated by other proteins and a lot of effort, not always successful, is required to separate them. To solve these problems, magnetic microspheres containing specific protein antigens are needed to allow easy isolation of the monospecific antibodies [27] .
The aim of the present study is to synthetize monodisperse magnetic poly(2-hydroxyethyl methacrylate) (mgt.PHEMA) microspheres with COOH functionality. The p46/Myo1C protein from the blood serum of MS patients is then conjugated with the particles, and affinity isolation of monospecific anti-p46 kDa/Myo1C antibodies from crude antibody preparation is performed. This purification approach seems to be very promising for early diagnosis of MS.
Materials and methods

Materials
Monomers, including 2-hydroxyethyl methacrylate (HEMA; Röhm; Darmstadt, Germany) and ethylene dimethacrylate (EDMA; Ugilor, France), were distilled under vacuum. 2-[(Methoxycarbonyl)methoxy]ethyl methacrylate (MCMEMA) was synthesized from ethylene glycol, chloroacetic acid, methanol, and methacrylic anhydride according to published procedures [28] . 2,2 -Azobis(2,3,3-trimethylbutanonitrile) (ABTB) was prepared from 3,3-dimethylbutan-2-one, hydrazine sulfate, sodium cyanide, bromine, and recrystallized from ether [29] . Cyclohexyl acetate (CyAc) was obtained by reaction of cyclohexanol and acetic anhydride. Methocel 90 HG [(hydroxypropyl)methylcellulose], dibutyl phthalate (DBP), sodium dodecyl sulfate (SDS), and trichloroacetic acid (TCA) were from Fluka (Dorset, U.K.). FeCl 2 · 4H 2 O, blood serum albumin (BSA), 3,3 -diaminobenzidine (DAB), N,N -diisopropylcarbodiimide (DIC), Ponceau S, and buffers for biological experiments were from Sigma-Aldrich (St. Louis, U.S.A.). Other chemicals were supplied by Lach-Ner (Neratovice, Czech Republic). Ultrapure Q-water ultrafiltered on a Milli-Q Gradient A10 system (Millipore; Molsheim, France) was used in all experiments.
Magnetic PHEMA microspheres
Magnetic PHEMA microspheres were prepared by modifications of earlier described procedures [30] [31] [32] . To obtain monodisperse macroporous PHEMA microspheres, multistep swelling polymerization of HEMA (40 wt.%), MCMEMA (20 wt.%), and EDMA (40 wt.%) using polystyrene seeds was run in the presence of inert solvents (porogens), such as CyAc and DBP. Polystyrene latex was obtained by the emulsifier-free emulsion polymerization and dispersed in an emulsion of DBP in aqueous SDS solution. The latex (1.2 g of polystyrene) was stirred (30 rpm) with an emulsion of ABTB (0.12 g), HEMA (4.8 g), MCMEMA (2.4 g), and EDMA (4.8 g) in aqueous 0.1% SDS (30 ml) for 16 h. CyAc (16.8 g) was sonicated (4710 Series Cole-Parmer Ultrasonic Homogenizer, Chicago, U.S.A.; 10 W) in 0.1% SDS (30 ml) for 3 min and then added to the above suspension. The mixture was stirred (300 rpm) for 1 h, 2 wt.% aqueous Methocel 90 HG solution (12 ml) was added under CO 2 atmosphere, and the mixture was polymerized at 70
• C for 16 h with agitation (400 rpm). The resulting macroporous MCMEMA-containing PHEMA microspheres were washed five times with 0.01 wt.% Tween 20 and ethanol. To introduce COOH groups, the particles were hydrolyzed with 0.4 M aqueous NaOH (120 ml) at RT for 48 h with stirring (50 rpm) and at 70
• C for 16 h. The PHEMA-COOH microspheres were repeatedly washed with water, acetone, 20% ethanol, and water.
To render the PHEMA-COOH microspheres with magnetic properties, magnetite (Fe 3 O 4 ) and/or maghemite (γ-Fe 2 O 3 ) was precipitated within the pores of the polymer matrix. Briefly, an FeCl 2 solution was imbibed several times into HCl-acidified macroporous PHEMA-COOH microspheres under Ar atmosphere. The particles were separated and redispersed in NH 4 OH solution under Fe 3 O 4 formation. This procedure was followed by rinsing with water, slow oxidation of Fe 3 O 4 to γ-Fe 2 O 3 in air with shaking, and multiple washes with water until iron oxide colloid formation occurred within the microspheres, which were termed mgt.PHEMA.
Characterization of particles
Particle size and morphology were investigated using a Quanta 200 FEG SEM microscope (FEI; Brno, Czech Republic) at accelerating voltage of 30 kV. SEM micrographs were evaluated to assess uniformity of the microspheres by determining polydispersity index,
and D w are the number-and weight-average particle diameters of at least 500 particles (Atlas software; Tescan; Brno, Czech Republic). To monitor the inner structure of the magnetic microspheres, they were fixed in London Resin White and cut with a LKB III ultramicrotome (Leica Biosystems; Wetzlar, Germany). The ultrathin sections were observed on carbon-coated copper grids by a Tecnai G2 Spirit Twin 12 transmission electron microscope (TEM; FEI) at accelerating voltage of 120 kV. Volume of particle pores (V p < 200 nm) was determined by single-point static volumetric adsorption of helium (at relative pressure, p/p 0 = 0.99) on a Gemini VII 2390 analyzer (Micromeritics; Norcross, GA, U.S.A.). Specific surface area (S BET ) was measured by multiple-point nitrogen adsorption on the same instrument, and diameter of the pores (d) was calculated as (d = 4 × V p /S BET ). Porosity (ε) was determined as ε = (V p × 100)/(V p + 1/ρ), where ρ is the pycnometrically determined PHEMA density (1.3 g/ml) [33] . Pore structure of dry PHEMA-COOH microspheres was evaluated on Pascal 140 and 440 mercury porosimeters (Thermo Finnigan; Rodano, Italy) at 0-400 kPa and 1-400 MPa, enabling detection of meso-and macropores [34] . Cumulative pore volume (V c ), pore diameter (d < 200 nm), and porosity were calculated by Washburn's equation for capillary flow in cylindrical pores [35] . Water (WR) and cyclohexane regain (CXR) of equilibrium-swollen PHEMA-COOH microspheres corresponding to total pore volume (V t ) were determined by suction and centrifugation. Porosity was calculated as described above [36, 37] . Carbon, nitrogen, and iron content in the microspheres were quantified by a Perkin-Elmer 2400 CHN elemental analyzer (Waltham, U.S.A.) and a Perkin-Elmer 3110 atomic absorption spectrometer (AAS). Fourier transform infrared (FTIR) spectra were measured on the diamond crystal with a 45
• angle of incidence using a Perkin-Elmer Paragon 1000PC spectrometer with a Specac MKII Golden Gate single attenuated total reflection (ATR) system. Each sample was scanned 64 times at 4,400-450 cm −1 (resolution 4 cm −1 ).
Animal immunization
White laboratory mice [38] were maintained in pathogen-free animal facilities with enough water and food. Animals were immunized with p46/Myo1C protein (100 μg) purified from the blood serum of MS patients [26] for 8-12 weeks; the immunization was repeated after 2 and 4 weeks [38] .
Preparation of p46/Myo1C-mgt.PHEMA microspheres
The p46/Myo1C protein was isolated from the blood serum of MS patients, as described previously [26] , and purified by a Series 200 HPLC gel filtration (Perkin-Elmer; U.S.A.) on a Bio-Sil SEC 250 column (Bio-Rad; Marnes-la-Coquette, France) in phosphate buffer (150 mM NaCl, 10 mM Na 2 HPO 4 , 5 mM NaH 2 PO 4 ; pH 6.8) at a flow rate of 1 ml/min. The column was calibrated by molecular mass (M r ) standards in the same buffer. Protein fractions were concentrated to 1 mg/ml by an Amicon Ultra-0.5 centrifuge filter (Millipore).
Magnetically separated mgt.PHEMA microspheres (0.18 ml) were washed with 0.1 M carbonate buffer (pH 9.0) and 0.1 M acetate buffer (pH 5.4) three times each. A solution of DIC (12.5 μl) in acetate buffer/DMSO (both 0.125 ml) was immediately added to the particles, and the suspension was incubated for 160 min. The microspheres were washed twice with acetate buffer/DMSO mixture (85:15 v/v) and 0.2 M borate buffer (pH 8.5). A solution of p46/Myo1C protein (0.6 mg) in borate buffer (0.3 ml) was added to the particles, and the mixture was incubated for 18 h. Determination of the residual protein concentration in the supernatant revealed that 0.45 mg of p46/Myo1C was bound to the particles, corresponding to 7 mg of protein per ml of the particle suspension.
Antibody purification and characterization
Crude antibody preparation was obtained from the blood serum (500 μl) of immunized mice by precipitation with 33% (NH 4 ) 2 SO 4 . To obtain monospecific anti-antibody, a crude antibody preparation (150 μl; 3.6 mg/ml) was incubated with p46/Myo1C-mgt.PHEMA (300 μl) at RT for 2 h with stirring. The microspheres were washed with Tris-buffered saline (TBS), 0.01% Tween 20, TBS (twice), and the bound anti-p46/Myo1C antibodies were eluted with 0.1 M glycine-HCl buffer (100 μl). Eluted proteins were then dialyzed against PBS, and their concentration was determined from UV spectra measured on a NanoDrop ND1000 spectrophotometer (Wilmington, DE, U.S.A.) at 280 nm. This was followed by SDS/10% PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis), protein blotting on a nitrocellulose membrane (Thermo Fischer Scientific; Waltham, MA, U.S.A.), and incubation with IgG fraction obtained by precipitation with 33% (NH 4 ) 2 SO 4 from mouse anti-p46/Myo1C serum.
Dot blot analysis was carried out with the antigen titer in the range of 2-0.065 μg on spot. The crude and affinity isolated p46/Myo1C antibodies were diluted with PBS (1:250 v/v). Western blot and dot blot analyses were performed according to the following scheme: incubation with primary antibodies in PBS for 1 h, washing with PBS/0.1 wt.% Tween 20 (3 × 5 min), incubation with peroxidase-labeled secondary antibodies for 1 h, washing with PBS/0.1 wt.% Tween 20 (3 × 5 min), staining with DAB for 10 min, and addition of H 2 O 2 /PBS solution (4/1 ml/ml).
Bioethics
Blood serum of MS patients diagnosed according to the McDonald diagnostic criteria for MS, provided by Tetyana Nehrych and Nazar Negrych from Danylo Halytsky Lviv National Medical University. The samples were collected under the approval of the Bio-Ethics Review Board of the Danylo Halytsky Lviv National Medical University in accordance with the regulations of the Ministry of Health of Ukraine. Documented consent was obtained from all patients included in the study, and the informed consent form was also approved by the Bio-Ethics Review Board of the Danylo Halytsky Lviv National Medical University. Blood for antibody purification was obtained from two immunized mice. Animals were treated in compliance with the Council of Europe Convention on protection of vertebrate animals used for scientific purposes (approval by Bio-Ethics Review Board of the Institute of Cell Biology, NAS of Ukraine).
Results and discussion
Magnetic PHEMA microspheres
To easily detect autoimmune diseases such as MS in patient blood by affinity chromatography techniques, mgt.PHEMA microspheres conjugated with proteins are a very attractive approach. Therefore, starting monodisperse macroporous PHEMA particles, 4.3 μm in diameter, were developed employing multistep swelling polymerization of HEMA, MCMEMA, and EDMA according to the Ugelstad method, where inert solvents, such as CyAc and DBP, served as the porogen [30] . Subsequent hydrolysis of MCMEMA-containing PHEMA microspheres introduced COOH functionalities (∼1 mmol/g according to titration with NaOH). This procedure was followed by Fe(II) and Fe(III) chloride precipitation with ammonia inside the pores to yield iron oxides, which rendered the particles with magnetic properties enabling easy manipulation of the microspheres in a magnetic field [39] . Absence of particle aggregation in water and superior mechanical properties were additional advantages of these microspheres [40] .
Morphology, size, and composition of the microspheres
Morphology and size of both neat PHEMA-COOH and mgt.PHEMA microspheres were documented by SEM micrographs (Figure 1a, b) . All particles were monodispersed (PDI = 1.01), which is important for their future biomedical applications, where uniform physicochemical and biological properties are required. Mgt.PHEMA particles had a slightly smaller diameter (4.1 μm) than their non-magnetic counterparts (4.3 μm; Table 1 ), which can be explained by repetitive volume contractions and swelling during precipitation of iron oxides with ammonia and multiple washing with water. TEM micrograph of individual microsphere cross-sections confirmed fine and homogeneous distribution of iron oxides inside the pores (Figure 1c) . Mgt.PHEMA microspheres were then easily separated in a magnetic field [39] .
To quantitatively describe porous characters of the PHEMA-COOH microspheres, their specific surface area (S BET ), pore volume according to He adsorption (V p ), cumulative (V c ) and total (V t ) pore volume, pore diameter (d), and porosity (ε) were determined. S BET represents area of the microspheres accessible for nitrogen per unit mass, V p , V c , and V t include pores accessible to helium, mercury, and cyclohexane or water respectively, and ε shows fraction of pores in the particles, the value of which depends on the detection method. According to the pore diameter, porous materials can be divided into micro-(d < 2 nm), meso-(2 < d < 50 nm), and macroporous (d > 50 nm) [41] . The presence of mesopores in the PHEMA-COOH microspheres was corroborated by rather low values of specific surface area (S BET = 10 m 2 /g), pore size (d = 29 nm), pore volume (V p = 0.07 ml/g), and porosity (ε = 9%), as determined by nitrogen and helium adsorption methods. This analysis was also in agreement with the mercury porosimetry results (d = 20 nm, V c = 0.12 ml/g, and ε = 14%). To confirm macroporous character of the PHEMA-COOH microspheres, total pore volume V t = WR or CXR was measured. CXR was rather small (0.5 ml/g), indicating low pore volume and porosity (ε = 39%) because cyclohexane does not swell the polymer. In contrast, PHEMA-COOH microspheres highly swelled in water (V t = WR = 4 ml/g), indicating that porosity was high (ε = 84%). After subtracting the contribution of the mesopores from the total porosity, ε = 30% was ascribed to macropores and ε = 45% to PHEMA swelling.
Comparison of the results from the elemental analysis of neat PHEMA-COOH and mgt.PHEMA microspheres revealed that C content decreased from 50 to 42 wt.%, while the Fe amount in the latter particles reached 17 wt.% (Table  1) , corresponding to 24 wt.% of Fe 3 O 4 or γ-Fe 2 O 3 . This amount of iron oxide is quite sufficient for good magnetic separation of the particles. The FTIR spectra of the neat PHEMA, PHEMA-COOH, and mgt.PHEMA microspheres are shown in Figure 2 . The presence of carboxylate groups in PHEMA-COOH was documented by strong asymmetric and weak symmetric COO − stretching vibrations at 1,604 and 1,395 cm −1 respectively. The former band disappeared in the spectrum of mgt.PHEMA due to acidification of particle suspension prior to iron oxide precipitation, confirming the introduction of COOH moieties. Moreover, carboxyl groups showed strong asymmetric C=O stretching and medium out-of-plane OH bending vibrations at 1,719 and 880 cm −1 respectively. Intense and weak bands at 1,252 and 1,076 cm −1 from C=O stretching involved interaction [42, 43] with in-plane OH deformation at 1,395 cm −1 . Spectra of non-magnetic and magnetic particles substantially differed in the presence of broad asymmetric Fe-O stretching vibrations at 571 cm −1 , confirming γ-Fe 2 O 3 formation inside the polymer matrix [44] . It should be noted that some bands in the mgt.PHEMA spectrum overlapped due to an Fe-O-induced shielding effect [45, 46] .
Antibody purification with p46/Myo1C-mgt.PHEMA microspheres Protein p46/Myo1C from blood serum serves as a potential molecular marker of selected autoimmune diseases, particularly MS [47] . Determination of anti-p46/Myo1C antibodies in blood of autoimmune patients is thus very important for diagnostics, prediction of disease development, and effectiveness of treatment. For this purpose, p46/Myo1C antigen was bound on the mgt.PHEMA microspheres via DIC activation, and the monospecific antibody was captured ( Figure 3) . Isolation of anti-p46/Myo1C by antigen-containing p46/Myo1C-mgt.PHEMA microspheres is schematically presented in Figure 4 . The first step includes mouse immunization with crude preparation of TCA-extracted proteins from MS patient blood serum (p46/Myo1C) and human blood serum albumin as a contaminant. This step is followed by precipitation of the anti-p46/Myo1C antibodies with 33% (NH 4 ) 2 SO 4 from crude IgG preparation present in the blood serum of the immunized animals and further one-step affinity purification of antibodies with p46/Myo1C-mgt.PHEMA microspheres (Figure 4) .
High efficiency of the affinity purification is demonstrated in Figure 5 , which shows the results of affinity-purified anti-human p46/Myo1C antibody characterization by SDS/PAGE, Western blot, and dot blot analyses. Highly purified antibodies were obtained without contamination by the antibodies against BSA ( Figure 5A , C, lane 2 and Figure 5B , lane 2'). Dot blot analysis confirmed high titer of these specific antibodies, demonstrating efficient immune reactivity in doses as low as 0.065 μg of protein ( Figure 5C ).
Conclusions
MS is the most common chronic inflammatory disease of the central nervous system (CNS) with supposed autoimmune etiology. MS deaths increased in the period of 1990-2013 from 12 to 20 thousand people per year [48] ; therefore, many diagnostic and therapeutic techniques are now under development. However, no reliable method of immune processes characterization exists. Detection of biomarkers in body fluids may thus facilitate diagnosis and prediction of disease progression [49] . New analytical methods often investigate anti-myelin antibodies, inducing CNS demyelination, which are obtained from blood serum and cerebrospinal fluid. In clinical practice, serum is preferable due to its simple availability from the patient's body [50] [51] [52] . Recently, unconventional human myosin p46/Myo1C was detected as a potential MS marker [26] ; however, there was need of preconcentration and rapid quantification of monospecific antibodies against this protein. To solve this problem, affinity chromatography on magnetic polymer particles with attached specific protein antigens was suggested. In our procedure, mgt.PHEMA microspheres were selected due to their blood compatibility, non-toxicity, and widespread biomedical applications [53, 54] . However, PHEMA hydrophobically interacts with some proteins, necessitating modification of the particles, e.g. with polysaccharides, to immobilize affinity ligands [55, 56] . Magnetic polymer microspheres are commonly prepared by the suspension polymerization in the presence of a magnetic fluid [57] , which unfortunately produces particles of a broad size distribution and low saturation magnetization. For this reason, more sophisticated Ugelstad's multistep swelling polymerization ensuring formation of porous microspheres uniform in size and of identical physical, chemical, and biological properties was employed in this work. After creating iron oxides inside the PHEMA particles, they were easily separable in the magnetic field. These new microspheres with immobilized p46/Myo1C protein isolated from blood serum of MS patients were then found to be effective for affinity purification of the monospecific anti-p46/Myo1C antibodies, reaching a detection limit as low as 0.065 μg of protein. In general, the newly developed mgt.PHEMA microspheres can be conjugated with any specific antigen present in cells of patients suffering from neurological disorders and can be exploited for highly sensitive affinity isolation of biomarkers. This approach may facilitate both diagnosis and treatment of autoimmune diseases.
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